Processing bulk nanoscrystalline materials for structural applications still poses a significant challenge, particularly in achieving an industrially viable process. In this context, recent work has proved that complex nano-scale steel structures can be formed by solid reaction at low temperatures. These nanocrystalline bainitic steels present the highest strength ever recorded, unprecedented ductility, fatigue on par with commercial bearing steels and exceptional rollingsliding wear performances. A description of the characteristics and significance of these remarkable structures in the context of the atomic mechanism of transformation is provided.
Introduction
Recently there has been an interest in developing metals with nanoscale grain structure so-called nanocrystalline metals. A nanocrystalline metal is here defined as a metallic material in which at least one internal length scale is smaller than 100 nm. They contain an exceptionally large density of strong interfaces, rather than only a minor fraction of features such as precipitates, which are small in size. The desire for such materials in the engineering context comes from the expectation of novel mechanical properties, particularly the stress that can safely be tolerated in service.
In the case of ferritic steels, it is possible to move from ultra-fine to nanoscale by displacive reaction without the use of severe deformation, rapid heat-treatment or mechanical processing. In general, low transformation temperatures are associated with fine microstructures which in turn generally possess both strength and toughness. Following this simple concept, a new generation of steels has been designed in which transformation at low temperature (125-325ºC) leads to a nanoscale microstructure consisting of extremely fine, 20-40-nm-thick, plates of ferrite and retained austenite [1] . These microstructures are achieved through isothermal transformation to bainite of high carbon high silicon steels with low martensite start temperature (approx. 120 ºC).
The carbon concentration (0.6-1.0 wt.%) was selected to suppress the B S temperature, with the aim of obtaining extremely thin platelets of bainite, and the high silicon content (1.5-3.0 wt.%) avoids cementite precipitation from austenite during bainite reaction [2] . Cementite is a cleavage and void-initiating phase which is best eliminated from strong steels. The bainite reaction was found to be extremely slow at low temperatures [3] , but it can be significantly accelerated to complete the processing within hours (as opposed to days) by making controlled additions (up to 1.5 wt.%) of aluminium and cobalt, and adjusting manganese, chromium, and molybdenum contents [4] . The bainitic structures obtained by low-temperature reaction are harder than ever previously achieved for this microstructure, with values in excess of 700 HV. Tensile strengths above 2 GPa are routinely achieved, with, in one case, an exceptional and unprecedented total elongation of over 20% [5] as Fig. 1 illustrates. Bainite plate thickness and retained austenite content are shown to be important factors in controlling the yield strength. Rolling-sliding wear performances are found to be exceptional, with as little as 1% of the specific wear rate of conventional 100Cr6 isothermally transformed to bainite [6] . It is suggested that this results from the decomposition of retained austenite in the worn layer, which considerably increases hardness and presumably introduces compressive residual stresses. Fatigue performance was slightly improved over 100Cr6 for one of the two industrially produced materials, but factors controlling fatigue resistance require further investigation [7] . 
Nanoscale and complex structure
The method for manufacturing bulk nanocrystalline strong materials is to introduce large numbers of defects such as interfaces or dislocations, which interfere with the ordinary mechanisms of slip or twinning. Observations revealed that the growth of bainite is accompanied by the formation of dislocations in and around the bainite [8] . In fact, plastic relaxation in the austenite adjacent to the bainitic ferrite during bainite reaction may control the final size of the bainitic ferrite plates [9] . The defects generated in this process resist the advance of the bainitic ferrite-austenite interface, where the defect density is highest for lower transformation temperatures [10] . Cornide et al. [11] determined the dislocation densities in the bainitic ferrite and austenite phases in nanostructured bainitic steels by TEM to be (5.1 ± 2.7) x 10 14 m -2 and (1.8 ± 0.2) x 10 14 m -2 , respectively. These values are higher than those reported for conventional bainite, 1.7-4.0 x 10 14 m -2 and, in general terms, similar to those measured for martensitic microstructures.
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Micrographs of nanocrystalline bainite are presented in Fig. 2 . Structures consist of an intimate mixture of bainitic ferrite and austenite. While plates of bainitic ferrite are some tens of nanometers thick as bright field TEM image revealed ( Fig. 2 .a), austenite has two very distinguishable morphologies, thin films between the plates of ferrite, also in the nanoscale, and coarser austenite blocks, in the micro (>1000 nm) and sub-micron (between 100 and 1000 nm) scale as SEM image illustrates ( Fig. 2.b ). Due to geometrical constrictions of austenitic features, thin films, trapped between bainitic ferrite plates, have a higher C content than blocks of austenite [12] . This wide distribution of sizes of the retained austenite in the microstructure is expected to result in effective variations of the austenite stability, and to be favorable for spreading the effect of the transformation all along straining and for postponing localization [5] . On the other hand, the toughness and fatigue performances of this microstructure are related to the high density of the high angle boundaries that these microstructures usually present [7] . The inverse pole figure colour map image in Fig 3 shows the bainitic structure formed at 250ºC from an austenite grain. The colours correspond to the crystallographic orientation normal to the observed plane, representing different crystallographic variants. It is revealed that a prior austenite grain was divided by packets consisting of three blocks of which the orientations are entirely different to each other. Each block contains a single variant of the bainitic lath.
Understanding the tensile properties of nanocrystalline bainite
Some tensile strength and ductility data at room temperature on nanocrystalline steels are reported elsewhere [1] . The ultimate tensile strengths (UTS) were always in excess of 2 GPa [1], with non-negligible ductility as Fig. 1 illustrates. Much of the strength and hardness of the structure comes from the incredibly thin platelets of bainitic ferrite [13] . In fact, it is known that the transmission of slip across boundaries in plate-like structures is mainly determined by the energy required to expand dislocation loops [14] . The residue of strength after accounting for the plate thickness comes from dislocation forests, the intrinsic strength of the iron lattice and solution strengthening [13] . In a similar scheme, attempts to understand the origin of ductility suggested that the mechanically induced martensitic transformation of retained austenite (i.e. TRIP effect) is the key to the ductility in those microstructures [5] . Recent in-situ neutron diffraction analysis [15] during tensile testing at room temperature in a nanocrystalline bainitic steel transformed at two different temperatures, 200 and 300 ºC, revealed that plastic deformation prior to mechanically-induced martensitic transformation is necessary. However, the possibility of stress-assisted mode of martensitic transformation must not be ruled out [15] . Thus, the observed rapid strain hardening during tensile testing of bainite formed at 200 ºC was found to be related to the reduction of austenite fraction due to stress-induced transformation. The critical resolved shear stress needed to induce the martensitic transformation is achieved due to strong bainitic ferrite, leading to premature failure. On the contrary, in samples heat treated at 300 ºC, both ferrite and austenite are capable of deforming, allowing for a larger elongation. The strength mismatch between both phases may explain the differences in mechanical behavior observed in both samples.
In view of the strong correlation between the complex composite structure and deformation behavior of nanostructured bainitic steels, intensive efforts was made to determine the local elastic properties of austenite and the surrounding nanoscale matrix. For that purpose, the Young's modulus (E) of the austenite and ferrite nanophases forming the nanostructured bainitic steel was measured using the combination of Atomic Force Microscopy (AFM) based techniques [16] . Results revealed similar E values for both phases (Fig. 4) confirming that no mechanical partitioning between phases is expected within the elastic range of a tensile test. Instead, mechanical partitioning is likely to occur beyond the yield strength.
Wear and fatigue properties of nanocrystalline bainite
Earlier work on the potential of carbide-free bainite for wear applications [17] has showed under rolling-sliding wear conditions excellent results, attributed to the absence of carbides, the ability of the microstructures to tolerate a large degree of plastic strain and the mechanically induced martensitic transformation of retained austenite. The design of low-temperature nanocrystalline bainitic steels would in principle result in exactly that direction of improvement, and they are therefore expected to lead to excellent wear resistance.
Recently, the reciprocating sliding wear behavior of high-silicon bainitic steels was studied on microstructures formed between 200 and 425 ºC [18] . Results showed an order of magnitude improvement in the wear resistance of the nano-scaled bainitic structures with respect to the ultrafine with similar hardness values. The highly refined structure and the transformation under strain of the austenite films, contributes to the surface hardening as to plastic deformation improving the wear performance.
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THERMEC 2016 Nonetheless, most applications of structural materials involve cyclic loading and life of a component is generally limited by fatigue and not by static strength. In order to fully exploit the potential of nanostructured bainitic steels in industrial applications, a better understanding must be achieved on the relationship between microstructure and fatigue crack propagation. Figure 5 shows the crack path in a cross section perpendicular to the fracture surface. Microstructural examination by Electron Backscatter Diffraction (EBSD) below the fracture surface allowed identifying the active slip systems in bainitic ferrite and the nature of grain boundaries deflecting the crack [7] . Results confirmed that the crack deflects at the interphase boundaries between blocks (BB), packets (PB) and twins (TB) of the ferritic phase, but not to a significant extent in the interphase boundaries within a single block. The bainite block size is the crystallographic parameter controlling the crack propagation. However, its effect on the fatigue strength remains unclear, partially because it cannot be isolated from other microstructural features that are also likely to be affecting the mechanical behavior [4] .
Summary
Solid state reactions can be used to refine the structure scale in steels and to accomplish phase sizes in the nanoscale regime. This achievement represents an enabling ability to develop vastly improved properties which are not possible on conventional length scales
